Introduction
============

Most living species on earth, including humans, use oxygen. Indeed, we cannot live without oxygen for even 5 min. Why is oxygen so important? This is principally based on the chemical characteristics of oxygen; a series of reductions by one electron each is possible four times, until the oxygen is reduced to a stable species and solvent, H~2~O (Fig. [1](#F1){ref-type="fig"}). This characteristic enables efficient electron flow that is essential for any moving material, including motors and robots. During this electron flow, three intermediate species are generated, among which hydroxyl radical (^•^OH) has been identified as the most damaging to biomolecules. Accordingly, cells strategically prevent the generation of ^•^OH by metabolizing H~2~O~2~ directly into H~2~O via various types of enzymes, including catalase, peroxidases and peroxiredoxins. Even excess O~2~^•−^ is metabolized to H~2~O~2~. The roles of O~2~^•−^ and H~2~O~2~ as signaling molecules have been well established by studies within the past two decades.^([@B1])^ The adverse effects of oxygen were already recognized in the 1950's, and oxygen free radicals were hypothesized to be the direct cause of aging.^([@B2])^

Cancer has been the leading cause of death in Japan for 30 years, while in most western countries, coronary heart disease is the current leading cause of death. I suspect that cancer would become the predominant cause of death in western countries as well if metabolic syndrome could be overcome by proper preventive exercise and diet. Currently, most of the fatal infections are well controlled worldwide. The longer we live, the more genetic alterations we obtain through persistent oxygen consumption and environmental exposure to genotoxic agents.

Persistent oxidative stress has been associated with carcinogenesis.^([@B3])^ The causes of oxidative cellular stress stem mainly from direct and indirect exogenous sources. Examples of direct causes are X-radiation and ultraviolet radiation. Thus, exposure to atomic bomb radiation in Hiroshima and Nagasaki was shown to increase leukemia and lymphoma,^([@B4])^ and ultraviolet radiation has been closely associated with skin cancer.^([@B5])^ Indirect sources of oxidative stress include inflammation. Chronic Helicobacter pylori infection is associated with gastric cancer and low-grade lymphoma of mucosa-associated lymphoid tissue.^([@B6],[@B7])^

Similarly, inflammatory bowel diseases such as Crohn's disease^([@B8])^ and ulcerative colitis^([@B9])^ are associated with colon cancer. In these cases, inflammation causes pain and various other symptoms, and X-radiation is currently under strict legal regulation. However, we should not forget iron overload as a cause of oxidative stress. Iron overload *per se* does not induce inflammation, nor is it under legal control. Although the pathology of iron overload is really insidious, it can eventually lead to cancer. In this sense, iron overload is really a quiet "time bomb".

Iron and Carcinogenesis
=======================

Iron is ubiquitous, and no living organisms on earth can do without iron. Iron deficiency causes anemia, but excess iron can be a risk for carcinogenesis because iron works as a catalyst for the Fenton reaction, thus promoting the generation of the undesirable molecule, ^•^OH (Fig. [1](#F1){ref-type="fig"}). Iron stores within the body accumulate insidiously with aging because iron intake exceeds loss and no biologic mechanisms exist for excretion of iron in excess of physiological requirements.^([@B10])^ It was initially reported in 2008 that iron reduction by phlebotomy not only decreased visceral cancer risk by 35% but also decreased mortality in cancer patients by 60% in a supposedly normal population with peripheral arterial disease.^([@B11])^ In spite of some criticisms regarding design of this study, this is a highly significant observation supporting other epidemiological studies^([@B12],[@B13])^ and one should not underestimate the role of iron in carcinogenesis.

There are ample human epidemiological data to support the involvement of excessive iron in carcinogenesis. Genetic hemochromatosis is a hereditary disorder of iron sensing and currently 4 genetic types are recognized. Among them, autosomal recessive *HFE* (OMIM +235200) is a major type.^([@B14])^ A mutation in the gene encoding *SLC40A1* (OMIM \#606069) is associated with an autosomal-dominant type of hemochromatosis. It is of note that defects in HAMP (OMIM \#602390) or in transferrin receptor 2 (OMIM \#604250) also induce hemochromatosis. Major causes of death today in hereditary hemochromatosis are due to either hepatic failure with cirrhosis or hepatocellular carcinoma.^([@B15])^ In addition, hemochromatosis patients were shown to have 240-fold greater risk developing primary hepatocellular carcinoma than the age-matched control population.^([@B16])^

Persistent damage to hepatocytes reduces the production of a peptide hormone, hepcidin, leading to iron absorption and deposition irrespective of existing iron stores.^([@B17])^ Thus, hepatic iron levels are significantly increased in patients with chronic viral hepatitis B/C. Currently, phlebotomy along with a low iron diet is the second-line therapeutic strategy after α-interferon administration to prevent hepatocellular carcinoma in Japan.^([@B18])^

Several epidemiological studies have suggested an association between endometriosis and ovarian cancer by demonstrating a high risk of ovarian cancer in women with a long-standing history (\>10 years) of ovarian endometriosis.^([@B19])^ Here, hemorrhagic retention every month leads to localized iron overload in the ovary. We recently showed that the epithelia of endometriotic cysts are oxidatively stressed and contain high levels of catalytic iron.^([@B20])^

Asbestos fibers have been heavily used for industrial applications since World War II because of their durability, heat-resistance and low cost. However, in 1987, IARC designated asbestos fibers as a Group I (definite) carcinogen for humans (http://monographs.iarc.fr/ENG/Classification/crthgr01.php). Epidemiological studies suggest that asbestos fibers that contain iron (a transition metal which catalyzes free radical generation) are more carcinogenic.^([@B21])^

Target Gene in Iron-Induced Carcinogenesis
==========================================

Our research group has been working on iron-induced carcinogenesis for more than 20 years. I came across the ferric nitrilotriacetate (Fe-NTA)-induced renal carcinogenesis model when I was a graduate student. Prof. Shigeru Okada, my mentor, serendipitously discovered this model while he was studying the iron loading effects of Fe-NTA on the liver.^([@B22])^ Chelation of metals alters their biological effects, presumably because metals are not easily dissolved into solution at neutral pH while chelation makes dissolution possible.^([@B23])^ This is an excellent model that accurately reproduces both acute renal tubular damage and carcinogenesis.^([@B24])^ Multiple studies and subsequent papers have been based on the use of this single model, including the development of monoclonal antibodies against 4-hydroxy-2-nonenal-modified proteins^([@B25])^ and 8-hydroxy-2\'-deoxyguanosine.^([@B26])^

Fe-NTA is an efficient catalyst for the Fenton reaction to generate ^•^OH. Hydroxyl radical is one of the most reactive chemical species in biology. Thus, it is natural to think that every portion of the genome is randomly damaged by this species and to hypothesize that there would be no specific target genes in this carcinogenesis model. We tried to address this question in the 1990's and unexpectedly found that target genes do exist. At that time, rat genomic information was largely not available, so we had to literally perform thousands of PCR reactions to find common allelic loss in the genome by using microsatellite markers. Fortunately, we reached a conclusion that *CDKN2A/2B*, which encode inhibitors for cyclin-dependent kinases, are major target genes in this model. Approximately one third of the cases had homozygous deletion of these tumor suppressing genes.^([@B27])^ Recently, our results were confirmed with a modern technology called array-based comparative genome hybridization analysis.^([@B28])^

Surprisingly, *CDKN2A/2B* are target genes in human malignant mesothelioma, a type of cancer which has been strongly associated with asbestos exposure. Excessive iron is thought to be a principal pathology.^([@B29])^ As many as 74% of cases of human malignant mesothelioma had homozygous deletion of *CDKN2A*.^([@B30])^ We observed an even higher frequency of homozygous deletion of *CDKN2A/2B* in rat peritoneal mesothelioma induced either by chryostile, crocidolite or amosite (Jiang L and Toyokuni S, unpublished observation). Interestingly, iron compounds alone (ferric saccharate with nitrilotriacetate) can generate malignant mesothelioma in rats albeit lower incidence and longer incubation period, and we recently found that sarcomatoid types of these mesotheliomas had a high incidence (80%) of homozygous deletion of *CDKN2A*.^([@B31])^

*CDKN2A/2B* as an Iron Overload-Associated Gene
===============================================

Based on these three examples of animal experiments, we can hypothesize that excess iron causes deletion of *CDKN2A/2B*. The genomic sequence at *CDKN2A* generates another tumor suppressing gene called *ARF* by alternative splicing that works as an inhibitor of TP53 specific ubiquitin ligase.^([@B32])^ *CDKN2B* is a backup for *CDKN2A*.^([@B33])^ Thus, this genomic location acts as a guardian of the genome, and genes corresponding to this location are involved in both the RB and TP53 pathways (Fig. [2](#F2){ref-type="fig"}). It is also interesting to note that P16 protein (the product of *CDKN2A*) levels decrease with age,^([@B34])^ and that established cancer cell lines have a high incidence of *CDKN2A* homozygous deletion.^([@B35])^ Taken together, these findings suggest that oxidative stress, either by excess iron or a high concentration of oxygen, induced this genetic alteration. *CDKN2A/2B* are really mysterious genomic points, and we are currently using oxygenomics^([@B36],[@B37])^ as a strategy to investigate the loci.

Conclusion and Strategy for Longevity
=====================================

During this decade, iron metabolism has been further elucidated and many novel molecules and transporters have been identified.^([@B13])^ Among the organelles, the mitochondrion is at the center of iron metabolism, producing iron-sulfur cluster and heme. Abnormality of its specific chaperone, frataxin, causes decreased iron storage in mitochondria with concomitant cytoplasmic iron accumulation. This can lead to a neurodegenerative disorder called Friedreich ataxia,^([@B38])^ thus indicating that iron excess damages neurons as well.

Throughout evolutional and developmental processes, iron has been and will continue to be necessary. However, it is now apparent that iron excess is harmful and even promotes cancer. This has important implications for human longevity. The current mean lifetime for the Japanese was 86.1 years for females and 79.3 years for males in 2009. This is a great victory of the public health service, considering that the mean lifetime expectancy was approximately 50 years immediately following World War II. I believe that it is time to consider the demerits of excess iron. Iron modulation by phlebotomy (blood donation), low iron diet or chelation therapy may be a strategy to prevent cancer and possibly other diseases on the condition that the person is healthy and without anemia (Fig. [3](#F3){ref-type="fig"}).

*CDKN2A/2B* are intriguing genomic crossroads for cancer and aging, which is involved in both the RB and TP53 pathways. This gene is evolutionally conserved between fish (Xyphophorus maculates and Fugu rubripes) and mammals. Elucidation of the evolution of this gene would help to clarify further grounds for research into longevity.
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